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DIFFUSION  IN  OXIDES  OF  THE  FIRST  TRANSITION  SE RIES  METAL S 


A  Atkinson 

ABSTRACT 

.1 

The  elements  of  the  first  transition  series  form  oxides  which 
display  a  wide  variety  of  defect-related  phenomena  such  as 
non-stoichiometry  and  diffusion.  Many  of  these  oxides  have  been  studied 
extensively  in  recent  years;  partly  because  of  their  intrinsic  interest 
and  partly  because  they  are  Important  technologically  (e.g.  in  high 
temperature  oxidation,  catalysis  etc.). 

In  this  paper  the  current  appreciation  of  diffusion  processes  in 
soma  of  these  oxides  is  reviewed  in  terms  of  the  defects  which  are 
believed  to  be  responsible  for  diffusion  and  their  energies  of 
formation,  migration  and  interaction.-  Particular  emphasis  is  given  to 
the  large  contribution  made  to  this  field  Dy  N  L  Peterson  and  his 
co-workers . 

The  specific  materials  considered  are  TiO^,  Cr^O.^ ,  MnO,  FeO,  FejO^, 
Fe^Oj,  CoO,  NiO  and  Cu.,0. 
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The  crystal  structura  of  TIO2  (rutila)  viewed  parallel  to  the 
c  axis.  One  of  the  channels  containing  potential  interstitial 
sites  is  indicated. 
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Fe).  Tha  indicated  slopes  of  n  *  -0.£$  and  n  »  -0.20 
correspond  to  Tij  and  Ti.4’  defects  respectively  (refs.  6, 

12  and  13). 

Schsoatic  diagraa  indicating  how  fast  diffusion  of  certain 
impurities  along  the  c-direction  in  Ti02  probably  occurs  by  a 
mixture  of  interstitialcy  and  direct  interstitial  jumps . 

Comparison  between  the  measured  and  calculated  enthalpies  of 
motion  for  cation  vacancy  self-diffusion  in  the  rockaalt 
oxides . 


Arrhenius  plots  at  constant  Sq  (except  for  FeO)  of  oxygen 
tracer  self-diffusion  in  the  rockaalt  oxides  (refs.  30-33). 

The  dependence  of  oxygen  tracer  coefficient  on  oxygen  activity 
in  FeO  and  CoO  (refs.  31  and  34). 

Arrhenius  plot  of  the  diffusion  coefficient  of  Iron  vacancies 
and  interstitials  in  Fe^O^.  The  extent  of  uncertainty  is 
partly  due  to  experiment  and  partly  due  to  the  range  of 
possible  correlation  factors  which  are  consistent  with  the 
experiments  (ref.  24). 


Arrhenius  plot  at  constant  Sq  (=  1)  of  the  tracer  diffusion 

coefficient  of  Fe  parallel  to  the  c-direction  in  FejOj .  The 
two  data  sets  of  Hoshino  and  Peterson  are  for  crystals  trora 
different  sources  (refs.  51-53) . 


The  thermoelectric  power  of  sintered  C^O,  as  a  function  of 
Sq  .  The  n  to  p  transition  is  complete  within  7  days  at 

12*7-C  ,  but  the  reverse  transition  will  not  take  place  unless 
the  temperature  is  raised  to  1500°C  (ref.  58). 


Tracer  diffusion  of  Cr  parallel  to  the  c-direction  in  Cr203  as  ■ 
a  function  of  an  .  The  indicated  values  of  n  =  +0.188  or 
°2 

n  *  -0.188  are  expected  for  diffusion  by  vacancies  or 
interstitials  respectively  according  to  the  siople  defect 
model  (refs.  60  and  61). 


Tracer  diffusion  of  Cu  and  oxygen  in  Cu20  as  a  function  of 
oxygen  activity.  The  indicated  slopes  are  for  a  simple  model 
in  which  Cu  diffuses  by  singly  charged  vacancies  and  oxygen  by 
singly  charged  interstitials  (refs.  62  and  63). 


Tracer  diffusion  of  Ni  and  0  in  the  lattice,  along 
dislocations  and  along  grain  boundaries  ir.  Ni0.ar 

and  0.2  for  0  (roils.  68.69  and  70). 


t  or  Ni 


(iii) 


1. 


Introduction 


The  oxides  of  the  first  trsnsltlon  series  aetsls  exhibit  a  wide 
ranee  of  interesting  properties  e.g.  electronic,  magnetic,  chemical  etc. 
They  have  therefore  been  studied  widely;  sometimes  because  they  have 
technologically  useful  propertes  (e.g.  fast  ion  conductors,  catalysts, 
corrosion  resistant  barriers)  and  sometimes  because  they  are  of 
fundamental  interest.  The  interesting  properties  have  their  origin  in 
the  unfilled  electronic  3d  shell  of  the  metal  ion.  The  relative  ease 
with  which  electrons  can  be  removed  or  added  to  some  of  thesf,  ions  means 
that  they  can  often  exist  in  a  number  of  valence  states  giving  rise  to  a 
potentially  large  number  of  oxide  phases  which  themselves  deviate  from 
exact  stoichiometry  by  an  amount  depending  on  the  thermodynamic  activity 
of  oxygen  with  which  they  are  equilibrated,  aQ  .  The  deviation  from 

stoichiometry  has  a  large  influence  on  diffusion  in  such  oxides  and  it 
is  the  relationship  between  the  two  which  is  the  subject  of  this  review. 
Since  it  is  this  relationship,  expressed  in  terms  of  crystal  defects, 
which  is  at  the  heart  of  understanding  diffusion,  the  experiments  tch 
are  of  moat  direct  interest  are  measurements  of  deviation  from 
stoichiometry  and  tracer  diffusion  coefficients;  particularly  a3  a 
function  of  a^  .  These  are  supported,  however,  by  other  less  direct 

measurements  which  are  also  related  to  the  crystal  defects  and  their 
motion  such  <<■:■  isotope  effect,  electrical  conductivity,  thermoelectric 
power  and  chemical  diffusion.  In  a  straightforward  ideal  case  all  such 
experiments  may  be  rationalised  in  terms  of  a  model  for  the  point  defect 
populations  in  the  crystal,  characterised  by  parameters  describing  their 
energies  of  formation  and  motion  which  are  in  agreement  with  theoretical 
predictions  based  on  atomistic  calculations.  This  goal  has  not  yet  been 
realised  for  a  transition  metal  oxide. 

The  range  of  materials  covered  in  this  review  has  been  restricted 
to  only  a  small  representative  selection  of  the  large  number  potential!.’ 
encompassed  by  the  title.  Those  included  ere  Ti02 ,  Cr^O^,  MnO,  FeO , 
Fe^O^,  Fe^Oj,  CoO,  N10  end  Cu^O.  For  each  oxide  the  current 
understanding  of  its  defect  structure  3"d  diffusion  properties  will  be 
summarised  and  attention  drawn  to  those  aspects  which  are  unresolved  or 


inconsistent.  Finally,  vs  bristly  consider  test  diffusion  along 
dislocstions  end  grsin  bounder  Is s . 


2.  Theoreticsl  background 

Tbs  theoreticsl  trestaent  of  point  defects  in  Ionic  crystsls  hes 
be- i  summarised  by  Lidlsrd  (1]  end  Kroger  ( 2 ] .  A  survey  of  the 
plication  of  these  idees  to  oxides  up  to  1972  hes  been  given  by 
Kofstsd  [3].  The  spprosch,  which  hes  now  becosM  etanderd  in  the  field, 
is  to  write  defect  reactions  in  sn  analogous  way  to  cheaical  reactions 
and  apply  'smss  action  laws'  to  relate  their  concentrations  at 
equilibriua.  In  the  case  of  transition  aetal  oxides  the 
oxidation/reduction  reactions  tend  to  dominate  and  it  la  therefore 
convenient  to  write  the  defect  foraation  reactions  in  that  fora.  An 
exaaple  of  an  oxidation  reaction  for  an  oxide  MO  Is 

J02  —  VM"  ♦  0o*  +  2h  (1) 

and  of  a  reduction  reaction 

MO  —  Mx"  ♦  2e'  ♦  *02  (2) 

In  this  paper  the  free  energy  change  of  such  reactions  vll1  be  referred 
to  as  the  energy  of  formation  of  the  appropriate  lattice  defect,  gf. 

The  aass  action  equations  corresponding  to  these  reactions  are  strictly 
written  in  teras  of  cheaical  activities  of  the  defects  (e.g.  IV  ''!  but 
these  are  usually  approxiaated  by  the  defect  concentration  expressed  is 
a  molecular  fraction  (e.g.  of  the  oxide  assumed  to  have  its 

conventional  stoichiometric  formula.  The  equilibriua  constant  for  the 
defect-forming  reaction  is  then  related  to  the  standard  free  nnergv  • 
foraation  by 


gf  =  hf  -  Tsf  =  -  k  T  In  K 

In  an  isotrepic  lattice,  the  tracer  diffusion  0*1 1  t<  lent  . 
by  [1] 


D*  -  t  T  r2  (4) 

where  T  1*  the  Juap  fciqwncy  and  r  the  Juap  distance,  f  is  tbs 
correlation  factor  which  accounts  for  tbs  non-randon  notion  of  tbs 
tracer  and  Is  characteristic  of  the  lattice  and  diffusion  necbanlsn. 

For  a  vacancy  nechaaisa  in  an  fee  or  bcc  lattice  of  lattice  constant  aQ 
equation  (4)  beconas 

D*  -  a  2  w  f  (V)  (5) 

o  o 

where  w  is  the  rata  of  exchange  between  a  vacancy  and  a  neighbouring 
o 

ion.  Hence  the  diffusion  coefficient  of  the  vacancy  is 


Since  the  Juap  la  tharaally  activated  over  a  free  energy  barrier  the 
Juap  frequency  is  related  to  the  vibrational  freqency  u  by 

wo  •  u  axp  (sa/k)  exp  (-  h^/kT)  (6) 

where  sa  and  h_  are  the  entropy  and  enthalphy  of  notion  of  the  defect. 

Application  of  aass  action  to  reactions  such  as  (1)  and  (2)  whan 
coablned  with  the  condition  for  overall  electrical  neutrality  predicts 
that  defect  concentrations  are  staple  functions  of  oxygen  activity  of 
the  type 


(defj  «  a  "  ( 

end  n  is  e  characteristic  of  the  defect.  If  only  one  defect  Is 
significant  then  the  devietlon  f roe  stoichioaetry ,  x,  is  thus 
proportional  to  aQ  to  the  pover  n^ .  Slsllarlv  both  electrical 

4. 

conductivity  and  dlffuaion  are  expected  to  obey  s'  ch  a  relationship 
characterised  by  exponents  ng  and  n^  rsspsetively  In  practice,  ’his 
staple  behaviour  ie  aeldoa  found  which  leplles  the  influence  of  othet 
defects  end/or  Interactions  between  the  doaipant  defects  Die  .-.•••• 


1 


common  Interaction  which  la  Invoked  la  the  association  of  two  defeats  of 
opposite  affective  charge  on  neighbouring  altea  (e.g.  the  trapping  of  a 
hole  near  a  metal  ion  vacancy) . 

Technique a  to  calculate  the  characterlatlc  energlea  of  the  dafeeta 
have  been  developed  and  applied  in  some  of  the  oxides  dlecuaaed  here 
(e.g.  Mackrodt  (4)).  The  paraaetera  .which  are  uaually  calculated  are 
Internal  energy  changea  fit  T  ■  OK  and  conatant  volume  which  should  be 
approximately  equal  to  enthalpy  changea  at  conatant  preasure  (t.e.  h^ 

and  h  ).  To  enable  actual  defect  concentrations  and  diffuaion  retea  to 

■ 

be  calculated  (rather  than  only  their  activation  energlea)  technique; 
are  alao  being  developed  to  eatimate  the  entropy  changes,  af  and 
..15]- 

3.  TIP  (rutile) 

3.1  Self  diffuaion  In  TIP, 

Rutile  la  oxygen  deficient  and  la  conventionally  given  t h»  formula 
T102_x-  This  non-atoichlometrlc  rutile  la  an  n-type  semiconductor  with 
the  dominant  defecta  being  titanium  interstitials  and/or  oxygen 
vacancies.  The  departure  from  atoichiometry ,  x,  is  very  small  at 
aQ  ■  1,  but  Increases  with  decreasing  Sq  (a  typical  value  being  10 

^  _jg  ^ 

at  1000°C  and  a^  *  10  |3|).  Under  more  reducing  condition,  extended 

defecta  (shear  planes)  are  formed;  these  will  not  he  dlscusse  !  ere 

Tracer  diffuaion  of  Ti  in  TiO^  has  been  studied  recent 1\  Hoshino 
et  al  (6).  They  find  that  diffuaion  la  typically  50X  fester 
perpendicular  to  tha  c  axis  than  parallel  to  it  (A  project i  o!  the 

rutile  structure  viewed  parallel  to  the  c  axis  1;  shown  in  F i  .-  7hev 

★ 

also  find  that  behaves  In  a  similar  way  to  x  In  that  it  eases  .is 

Bg  decreases  (Fig  21  which  Indicates  that  titanium  Interstli  s  are 

the  important  defects  on  the  Ti  sublattice.  Simple  defect  m<  .  t: 

4  •  2  • 

which  either  Tl^  or  ere  dominant  predict  the  exponent  n 

equation  7)  for  T1  diffusion,  n^,  should  be  -  n  20  or  -  o  i  1 


respectively.  In  practice  the  experimental  results  give  n  close  to 

4. 

-  0.20,  thus  suggesting  that  Ti,  la  the  defect  which  is  also  mainly 

reaponslble  for  nonatolcnioaetry .  However,  plots  of  lot  x  and  lot  a 

versna  lot  *n  (3]  show  distinct  curvature  and  sitnlflcant  deviation 

^  4- 

froai  the  values  n  ■  n  ■  -  0.20  which  would  be  expected  If  only  Ti. 

X  <7  1 

and  compensating  electrons  need  to  be  considered. 


Hoahino  at  al  attempted  to  rationalise  In  terms  of  defect 

models  that  had  been  suttasted  earlier  to  account  for  Measurements  of  x 

3  •  4  • 

and  a.  They  specifically  tried  three  models;  one  with  T and  Ti^  ,  a 

second  with  Ti^  and  ,  and  a  third  with  Ti^  ,  Ti^  and  V*  .  They 

found  that  all  three  attdels  could  be  made  to  fit  the  data,  but  the 
second  and  third  save  zero  or  negative  values  of  h  for  motion  of  the 

ffl 

interstitial  and  therefore  are  not  physically  acceptable. 

Raynaud  and  Morin  [7]  have  considered  some  of  the  pitfalls  which 

nay  be  encountered  in  fitting  defect  models  to  experimental  data.  They 

4  ■ 

conclude  that  in  the  case  of  TiO^  the  defect  Tii  is  a  necessary  feature 

of  an  acceptable  arodel;  a  condition  which  is  satisfies  by  all  three 

models  considered  by  Hoshino  et  al.  Ait-Younes  et  al  [8,9)  concluded 
from  electromigration  and  chemical  diffusion  studies  that  Tl|  is  the 
dominant  defect  in  TIO^  at  1050’C  which  is  in  agreement  with  the  model 
favoured  by  the  diffusion  studies. 


Thus  the  best  model  for  point  defect:!  in  TiO  appears  to  be  that 

t  3 

originally  proposed  by  Blusienthal  et  al  (10)  in  which  Ti  dominate  at 

4-  1 

low  temperatures  am  .Til  at  high  temperatures .  The  defect  parameters 

are  susasarised  in  Table  1  (the  enthalpy  of  motion  for  the  oxygen  vacancy 

* 

is  based  on  measurements  of  D  in  impurity-dominated  conditions  (111. 

oxy 

The  structure  of  T  ,  (Fig  1)  shows  chsnnels  parallel  to  the  c-axis 

■A 

which  could  suppor-  lirect  interstitial  motion,  in  which  -.isp  D 

4t 

parallel  to  c  won  1  be  much  greeter  than  D  perpendicular  to  c.  The 

★ 

fact  that  Dj  <  in  reality  shows  that  the  interstitials  move  mati.lv 
by  an  interatitin  mechanism.  From  Fig  1  the  ratio  of  iuipl a  •••men?  *■ 


to  c  and  perpendicular  to  c  froe  an  interstitialcy  Jump  ia  c/  and  hence 

*  *  c  2  * 

D,  /  bA  -  (  y  )  "•  0.42  which  ia  cloaa  to  the  measured  value. 

3.2  Impurity  diffusion  in  TIP, 

Peteraon  and  Saaaki  [12,  13]  have  maaaured  tracer  diffaalon  of  a 

aelection  of  ia^uritiea  both  parallel  and  perpendicular  to  the  c-axla. 

They  dlacovered  that  both  the  rata  and  aniaotropy  of  diffuaion  vary 

* 

(ready  with  the  impurity.  for  axaeple,  Zr  diffuses  slowly  and  0,  la 
*  • 
slightly  less  than  D. ,  as  tor  Ti.  On  the  other  hand  Co  diffuaaa  very 

* 

rapidly  and  the  aasotropy  is  vary  different  D,  being  ouch  greater  (by 

3  *  * 

about  10  )  than  D, .  Soon  of  the  experimental  data  for  Sc,  Fe  and  Co  are 

*  1  * 
compared  with  L',^  in  Fig  2.  The  aiailar  dependence  of  D  on  aQ  for  Sc, 

-s  ^ 

Ti  and  Fe  (for  a^  <10  )  shows  that  the  Ti  interstitial  defect 

participates  in  the  diffusion  of  the  impurities. 

This  general  behaviour  may  be  understood  qualitatively  in  the 

following  way,  if  it  is  assumed  that  the  lower  the  valency  of  the  Ion 

the  aore  easily  can  it  stake  direct  interstitial  jumps.  Thus  the 

4+  3+ 

tetravalent  and  trivalent  lone  (Zr  and  Sc  )  diffuse  by  an 
interstitialcy  mechanism  alone  (like  Ti  Itself).  The  divalent  ions 
(Fe2,  and  Co2*) ,  however,  diffuse  by  a  mixture  of  interstitialcy  Jumps 
and  much  faster  direct  interstitial  Jumps  along  the  channels  parallel  to 

the  c-axis.  This  process  is  illustrated  schematics  1 1/  in  Fig. 3.  The 

*  *  _  3 

sudden  decrease  in  D„  and  D_  as  a„  rises  above  about  10  could 
Co  Fe  0^ 

perhaps  be  caused  by  the  oxidation  of  these  ions  to  the  trivalent 
state  [ 12] . 

4.  NIP.  CoO,  MnO  and  FeO 


These  oxides  all  have  the  rocksalt  crystal  structure  and  are  cation 

deficient;  conventionally  written  M,  0.  Cation  varancle;.,  generated 

1-x  r 

according  to  equation  (11,  are  responsible  for  the  deviation  from 
stoichiometry  which  increases  in  the  order  NIP,  CoO,  MnO  ami  Fed.  Timm 


has  baan  a  great  daal  of  work  carried  out  on  tha  properties  of  these 
oxides  and  several  reviews  have  appeared  recently  (14,  IS,  16).  These 
will  not  be  reiterated  here,  but  some  of  the  sain  conclusions  regarding 
the  most  appropriate  point  defect  parameters  and  the  Interactions 
between  point  defects  will  be  exaalned. 

4.1  Point  defects  and  cation  self  diffusion 

Peterson  and  Wiley  (17]  have  recently  coopiled  and  analysed  data 
* 

for  x,  and  a  for  NIO  which  they  fitted  to  a  model  which  nllovs 
and  Vu  '  together  with  compensating  holes.  The  two  types  of  defect  are 
required  because  the  exponent  n  is  found  to  vary  with  aQ  and  T  between 

the  limits  of  0.167  and  0.25  which  would  be  expected  if  only  V  ’  or 

N1 

need  be  considered.  Similar  defect  models  based  cn  x  and  rj  had 
been  developed  earlier  by  Koel  and  Gellings  (16]  and  Farhl  and 
Petot-Ervas  [19].  The  model  of  Koel  and  Gellings  was  also  found  to  be 

it 

consistent  with  Du,  in  pure  and  Al-doped  NiO  (20).  The  defect 
Nl 

parameters  produced  by  these  various  models  are  summarised  la  Table  r. . 
All  the  models  have  the  common  feature  that  singly  charged  vacancies  sre 
dominant,  but  doubly  charged  vacancies  make  a  significant  contribution 

at  high  T  and  low  aQ  .  Despite  this  similarity  the  parameters  for  the 
2 

different  andela  show  wide  variation.  This  is  particularly  apparent  for 
h^  in  the  two  models  of  Peterson  end  Wiley,  both  of  which  give  equally 
good  fits  to  tha  experimental  data.  Peterson  and  Wiley  eventually 
favour  model  A  on  the  grounds  that  when  combined  with  chemical  diffusion 
data  it  gives  a  slightly  more  acceptable  correlation  factor  for  nsrke, 
self-diffusion  than  either  model  B  or  that  of  Koel  and  Gellings 
However,  this  is  probably  not  a  reliable  way  of  diet lngulshing  letven; 
different  siodels  since  it  Is  based  on  the  synthesis  of  different 
measurements  on  a  range  of  specimens  from  different  sources  It  i s 
probably  more  meaningful  to  compare  the  different  models  on  the  basis  o< 
their  physical  plausibility.  First,  consider  the  nnorgv  of  msnn«f  -n 
between  the  doubly  charged  vacancy  and  a  hole  to  form  a  «(nglv  •  (urge! 
vacancy.  Since  the  coulomb  interaction  between  V  '  '  and  h 
attractive  the  enthalpy  change  for  the  association  react  i  ui 


(8> 


"hf  <V>  -hf  <V> 

ia  expected  to  b«  negative.  All  the  models  for  N10  '  :fy  tl.la 

criterion.  Furthermore,  atomistic  calculations  [21)  auggest  that  in  all 
thaaa  oxides  Ah^  ■  -  0.5  aV.  Tha  model  of  Pataraon  and  Wiley  givas 
Ah^  ■  -1.87  aV,  which  la  an  axtraaalF  strong  lntaractlon  energy.  Tha 
modal  of  Koal  and  Sailings  (AhA  ■  -  1 . J8  aV)  is  more  accaptabla  froa 

this  point  of  view.  Sacondly,  tha  larga  diffaranca  in  h  for  tha  aingly 

s 

chargad  and  doubly  chargad  vacancias  in  Pataraon  and  Wiley  aodal  A  in 
unaxpactad  since  tha  hola  has  a  auch  highar  nobility  the.»  tha  vacancy 
and  is  unllkaly  to  require  complete  dissociation  froa  tha  vacancy  to 
allow  tha  vacancy  to  Juap  (which  is  what  aodal  A  lopliaa).  On  this 
basis  it  would  saaa  that  tha  nodal  of  Koal  and  Gallinga  (Table  2a) 
rapraaants  tha  baat  coaproaisa  batwaan  a  fit  to  tha  axparlaantal  data 
and  raaaonabla  paraaatar  valuas. 

Tha  rasulta  of  atoaistic  calculations  of  tha  energies  for  era  tlon 
and  algratlon  of  cation  vacancias  in  NiO  ara  shown  in  Table  3  and  nay  be 
coaparad  with  tha  corraspondlng  anthalpias  daduced  iron  the  experiments 
(Table  2).  Tha  laval  of  agraaaont  batwaan  thaory  and  experiment  can 
only  be  described  as  fair*,  tha  calculated  format  ion  anargiaa  (2.2  and 
1.5  aV)  being  aoaawhat  loss  than  aaaaurad  (2.8  eV)  and  the  calculated 
algratlon  energies  (2.2  and  2.6  eV)  being  aoaawhat  greater  than  measured 
(1.6  «V). 

The  deviation  from  stoichiometry  in  CoO  is  larger  then  in  NIC,  vi  h 
-2 

t  *  10  at  a^  «  1  (24).  Consequently  interactions  between  defects  ere 

more  important  and  there  is  general  agreement  that  the  singly  charged 

vacancy  la  dominant  but  both  V_  "  and  V  *  uexe  significant 

CO  Co 

contributions  under  epproprlate  conditions.  Dieckmann  |25|  has  analysed 

* 

data  for  x  and  <r  in  termi  of  such  a  dafect  model  and  the  resulting 

parameters  are  given  in  Table  2.  Thaaa  parameters  are  physically  < 

acceptable  in  that  tha  association  enthalpies  are  small  and  negative 
(s.  -  0.3  eV)  and  the  migration  enthalpy  is  independent  of  the  effective 
charge  of  tha  vacancy.  Tha  main  question  which  is  unresolved  i <• 
whether  more  extensive  associated  defects  are  formed  st  :.irge  deviir 
from  stoichiometry.  Some  evidence  for  this  tomes  from  elc  tii.i 

M 


conductivity  measurements  by  Petot-Ervas  at  al  [26).  Thay  found  that  at 
*0  %  1*  nff  %  °-3  ( where**  tha  maximum  allowed  by  Dlackaann'a  modal  la 

nff  ■  0.25)  and  auu«ic«d  that  charged  clusters  of  dafact*.  nay  ba 
rsaponsibls  for  this  bahavlour. 

Daviatlon  froa  stoichiometry  In  KnO  can  raach  neater  level*  than 
In  CoO  (x  ■  10  1  at  1300*C).  Recently  Kallar  and  Dlackaac •  (27)  havw 
aaasurad  x  for  MnO  and  analyaad  thaaa  raaults  and  (in  tracar  dlffualon 
measurements  In  terms  of  manganese  vacanciaa  with  affactlva  charges  2,  1 
and  0.  Thair  dafa:t  paraaatara  ara  summarised  in  Tabla  2  (Mocel  A). 

They  Indicate  Chat  doubly  charged  and  neutral  vacancies  ara  dominant 
with  only  a  snail  contribution  froai  singly  charged  vacancies.  Tha 
foraation  anthalpiaa  of  the  doalnant  dafecta  ara  negative  reflecting  tha 
experisMntal  observation  that  Increasing  T  at  constant  a  causes  tha 

daviatlon  froa  stoichioaatry  to  decrease.  Hovavar,  tha  relative 
aagnitudes  of  h{  for  the  three  vacancy  types  ara  difficult  to  accept ;  in 

particular  It  would  seen  that  the  Interaction  between  '  '  and  li  is 

“r. 

repulsive  but  attractive  between  V  ‘  and  h.  Keller  and  Dleckmann  also 
offer  an  alta. native  fit  to  tha  data  (nodal  B)  in  which  only  V  ' ’  and  h 
are  ellowed,  but  the  Interactions  between  the*  are  treated  in  the 
Debye-HUckel  approximation.  This  Is  also  unsatisfactory  since  the 
theory  Is  only  valid  for  lower  defect  concentrations  ari,  in  order  to 
fit  tha  data,  a  thermally  actlvatad  dielectric  constant  was  necessarv 
An  alternative  explanation  [21,  28)  is  that  larger  defect  clusters  are 

doailnant  at  high  a_  Tetot  and  Gardanlan  [29]  have  compared  the 
2 

predictions  of  such  a  model  vith  experimental  data  for  x  and  find  no 
evidence  to  support  the  Idea  of  clusters  (at  least  for  x  <;  t  1  x  ;i"'’ 
The  defect  parameters  from  their  fit  to  the  data  are  also  shown  in  Fig 
2.  (The  velues  tabulated  are  internal  enargies  at  OK  rathe  '  h«n 
Their  tabulated  figures  have  been  adjusted  to  the  appropriate  ie • e  • 
formation  reaction  as  indicated  In  Appendix  2  of  their  pape-  .“hes.' 
parameters  are  more  plausible  since  hf  decreer.es  as  the  .Marge  ",  t  !>.• 

vacancy  decreases  as  expected  As  pointed  out  hv  K,m  let  and  me  km.it’.: 

a 

there  la  a  direct  proport  I  one  1  i  t  v  between  I)  and  «  tt  .«  given 

ttn 

temperature.  This  also  nrgu**s  in*t  the  formal  ion  f  HMm  .  i 


quantities  of  clusters.  In  MnO  st  law  Sq  ,  where  It  is  close  to 

stoichlosMtry.  it  has  been  suggested  that  manganese  interstitials  are 
doalnant.  Hie  experiments  of  Keller  and  Dleckmann  are  however  not 
consistent  with  this  hypothesis  and  they  conclude  that  the 
stolchioeMtrlc  composition,  if  it  exists  at  all,  must  he  very  close  to 

the  Mn/MnO  phase  boundary.  The  n-type  conduction  in  MnO  at  low  a.  la 

2 

then  attributable  to  electrons  having  such  greater  mobility  than  holes. 

In  FaO  there  is  no  doubt  that  defect  clusters  exist  since  they  have 

been  identified  by  diffraction  studies.  Interaction  between  defects  is 

so  strong  that  D_  is  not  related  in  any  simple  way  to  x  in  this 

material  (14).  Indeed,  at  1000*C  is  practically  Independent  of  x 

(for  0.0S  <  x  <  0.13).  Thus  although  iron  diffusion  is  believed  to  take 

place  by  vacancies  not  bound  in  clusters,  there  is  no  satisfactory  model 

of  diffusion  and  defects  in  FeO.  The  influence  of  the  clusters  on  iron 

diffusion  In  FeO  is  apparent  not  only  in  the  unexplained  relationship 
★  * 
between  Dy.^  and  x,  but  also  in  the  Isotope  effect  for  D^.  From  such 

measurements  Chen  and  Peterson  [36)  deduce  that  the  correlation  factor, 

* 

f,  for  is  only  about  half  that  for  diffusion  in  the  fee  lattice  by 

an  Isolated  vacancy  mechanism.  They  also  find  similarly  low  values  of  f 
♦ 

for  in  MnO  [37],  Whilst  this  su^ssts  thst  defect  clusters  ®iy  b« 
formed  in  MnO,  the  very  different  relationship  between  D  and  x  in  the 
two  oxides  implies  that  the  similarity  in  f  may  be  fc-tuitous. 

Calculations  of  h  for  cation  vacancy  migration  in  all  these  oxides 

o 

have  been  carried  out  and  are  "-ompared  with  experiment  in  Fig  4  The 
agreement  is  good  for  MnO  (as  it  is  for  MgO  which  is  also  shown',  but  is 
poor  for  N10  and  CoO. 

4 . 2  Oxygen  self  diffusion 

In  recent  yesrr  there  have  been  several  studies  of  oxygen  self 

diffusion  in  these  four  oxides  and  Arrhenius  plots  of  l  .it  .-enstant 

>xy 

tg  (except  for  TeO  which  is  for  constant  CO^/CO  ratio)  ire  presented  m 
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Fig  5.  Tha  | tneral  trends  in  ths  Magnitude  of  DQXy  and  its  activation 

*Mrtr  era  as  would  b«  expected  from  the  ralativa  malting  temperatures 

of  ths  oxides.  The  date  of  Yamaguchi  and  Somano  [31]  for  CoO  have  an 

activation  energy  of  3.0  eV  which  is  significantly  lower  than  the  4.5  eV 

reported  by  tootbort  and  Rothman  [32].  In  view  of  the  Magnitude  of 

D*  for  CoO  when  compared  to  that  for  NiO  end  MnO  (Fig  5)  it  teens 
oxy 

reasonable  to  conclude  that  the  higher  activation  energy  is  the  correct 
one  for  CoO. 

The  point  defects  by  which  oxygen  diffuses  in  these  oxides  have  yet 

* 

to  be  confidently  identified.  Measurement*  of  BQXy  in  CoO  have  been 
reported  by  Clauss  at  al  [34]  and  are  reproduced  in  Fig  6.  The 
vee-shaped  curve  indicates  that  at  high  aQ  oxygen  interstitials  are 

responsible  for  oxygen  diffusion  and  at  low  aQ  ,  vacancies.  Clauss  at 

al  suggest  that  the  sx>st  likely  defects  are  uncharged  interstitials  and 
doubly  charged  vacancies. 

* 

Dubois  et  al  [35]  Measured  D _  in  NiO  at  two  values  of  an  over  a 

oxy  0, 

^  * 

range  of  teaperature.  They  found  that  decreasing  aQ  gave  a  lower  ^>QXy 

at  the  higher  temperatures  (s,  1500°C) ,  but  had  little  effect  at  lower 
teaperature  (■v  1300°C)  .  They  suggest  that  an  uncharged  interstitial 
could  be  the  diffusing  defect  at  high  temperature  and  a  doubly  charged 

vacancy  at  low  temperature.  If  this  is  the  case  the  activation  energy 

★ 

for  D  by  the  interstitial  mechanism  has  to  be  greater  than  that  for 
oxy 

the  vacancy  oechanisa. 

* 

Data  for  D  in  FeO  as  a  function  of  a„  ara  shown  in  Fig  6.  Again 
oxy  C2 

these  suggest  diffusion  by  tn  lnterstitisl  oxygen  defect,  but  since  the 
behaviour  of  the  sta]ority  defects  in  FeO  is  still  obscure  it  is 
dangerous  to  draw  any  conclusions  at  this  stage. 

Although  oxygen  interstitials  are  implicated  in  the  experimental 
evidence,  their  presence  is  at  first  sight  surprising  for  a  large  .on  in 
a  close-packed  sublattice.  Nevertheless,  calculations  of  the  formation 


and  migration  energies  of  oxygan  d» facts  [4,  22,  23]  tand  to  support 

* 

thair  rola  in  oxygan  diffusion.  The  calculations  suggest  that 
would  have  an  activation  energy  of  about  9  eV  for  a  vacancy  mechanism 
and  5  -  6  aV  for  an  interstitialcy  mechanism.  This  latter  value  is  in 
good  agreement  with  the  experimental  value  of  5.6  eV  (:o),  but  the 
higher  activation  energy  calculated  for  the  vacancy  mechanism  is  not 
consistent  with  the  suggested  interpretation  of  the  oxygen  activity 
dependence  (35]. 

4.3  Behaviour  of  impurities 

The  behaviour  of  impurities  in  oxides  is  of  interest  both  as 
dopants  influencing  self  diffusion  or  as  diffusing  species  themselves. 
Several  studies  of  both  types  have  been  reported  in  the  rocksalt 
oxides;  particularly  CoO  and  NiO. 

The  Influence  of  an  impurity  on  self  diffusion  depends  on  the  site 

it  adopts  (substitutional  or  interstitial),  its  charge  and  how  strongly 

it  interacts  with  native  point  defects.  It  is  not  straightforward  to  be 

sure  which  charge  state  of  a  transition  metal  impurity  will  be  the 

stable  one  in  a  transition  metal  oxide.  Stoneham  and  Sangster  [38]  have 

studied  this  question  from  the  theoretical  viewpoint.  By  comparing 

ionisation  energies  of  the  bare  ions  they  conclude  that  holes  should  be 

preferentially  attracted  from  Ni  to  divalent  Cr,  Mn,  Fe  and  Co  ions  in 

NIO,  but  only  to  Cr  and  Fe  from  Co  in  CoO.  However,  in  both  oxides  none 

of  these  impurities  is  capable  of  reaching  the  3+  charge  state  by 

creating  a  conduction  band  electron  (e.g.  Ni+)  .  The  attraction  between 

impurity  and  hole  is  such  that  dilute  Cr  and  Fe  impurities  in  CoO  could 

be  in  3+  charge  state  whereas  Ni  and  Mn  in  CoO  should  be  in  the  2+ 

charge  state.  If  stabilisation  of  the  3+  charge  state  is  strong  enough 

then  impurity  concentrations  greater  than  the  native  hole  concentration 

will  tand  to  form  charge-compensating  cation  vacancies  and  have  n 

relatively  large  effect  on  self  diffusion  of  the  host  cation. 

Experiments  tend  to  support  these  ideas.  For  example,  Co  doping  of  Nr) 

does  not  have  much  effect  on  Ni  diffusion  [39]  which  is  consistent  with 
2+  3  4- 

Co  being  predominant.  In  Al-doped  NiO,  A1  is  stable  which  causes  tn 

★ 

appreciable  increase  in  [V^]  (and  hence  [20])  and  chromium  behaves 


12 


similarly  indicating  Cr  [401.  Measurements  of  D.  and  D_  in  Fa-dopad 

CoO  [41],  however,  auggeut  that  Fa  ia  praaant  aa  both  Fa  and  Fa  ; 

thair  ratio  dapanding  on  a-  .  Studiaa  of  diffusion  in  dopad  ozldaa 

°2 

anabla  an  aatiaata  to  ba  ■ ada  of  tha  enthalpy  of  aaaociation,  dh^, 
between  tha  impurity  and  tha  point  dafacta  raaponalbla  for  diffusion. 
Valnaa  of  dh^  daducad  in  thia  way  for  inpurltiaa  aaaoclating  with 
vacancies  in  NiO  ara  -  1.2  aV  for  A1  and  -  0.6  aV  for  Cr  [20],  Some 

3+ 

calculated  valuaa  for  aaaociation  ara  given  in  Tabla  3.  For  41  tha 
aaaociation  anargy  ia  nagativa  aa  axpactad  for  tha  couloablc  attraction 
batwaan  dafacta  having  opposite  affactiva  charge,  but  Is  considerably 
smaller  in  magnitude  than  tha  experimental  value. 


The  diffusion  of  impurity  tracers  themselves  (at  sufficiently  low 
concentration  not  to  influence  tha  native  point  defect  concentrations) 
can  be  extremely  complicated.  If  tha  impurity  diffuses  by  the  same 
point  defect  (say  a  vacancy)  as  the  host,  the  ratio  of  their  tracer 
diffusion  coefficients  is  given  by  [42] 

®2  V2  *2 

Hr  -  rr  .  exp  (-  dh  /kT)  (9) 

1)  0*0 
o 

provided  that  |dhA|  is  small  enough.  In  this  equation  the  subscript  2 

denotes  the  impurity  and  is  the  jump  frequency  of  an  impurity/vacancy 

exchange.  The  correlation  factor  for  the  impurity,  f2>  is  a  complicated 

function  of  all  the  jump  frequencies  in  the  vicinity  of  the  impurity. 

w 

It  is  approximately  bounded  by  f2(min)  =»  —  when  »  w  and  |  (max)  = 

1  when  w,  «  w  . 

z  o 

Tracer  diffusion  coefficients  for  a  range  of  cation  impurities  in 

CoO  and  NiO  have  been  reported  by  Hoshino  and  Peterson  [43]  and  Monty 

[14].  In  general,  the  results  show  a  trend  in  which  small  ions  diffuse 

★ 

more  slovly  than  large  ones  and  have  larger  activation  energies  for  D  . 
(There  are  exceptions,  hovever,  such  as  Ca  which,  is  ’aige  and  diffuses 
slowly).  Theoretical  estimates  of  the  activation  energy  of  w2  (Table  3) 
do  not  reproduce  this  trend  for  divalent  impurity  ions.  In  particular, 
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★ 

particular,  tha  Manured  activation  energy  of  D,  for  Fa  and  Mn  in  NiO  ia 
about  0.7  aV  lower  than  of  D^>  which  la  not  expected  froa  Table  3. 
Indeed,  it  ia  difficult  to  envisage  auch  low  activation  energies  for  any 
divalent  Iona.  Thia  ia  becauea  aven  if  the  in purity  Jump  *2  la  very 
faat  the  Halting  value  of  f2  la  approxiaately  vq/v2  and  hence  D2/Dq  h. 
the  Halting  value  exp  (-  Ah^/kT).  Phyalcally,  this  corresponda  to  the 
ispurlty  repeatedly  exchanging  with  the  sane  vacancy.  A  low  activation 
energy  can  thua  only  occur  if  Ah^  ia  appreciable  ard  negative  (in  this 
case  abouc  -  0.7  eV) .  This  could  be  explained  if  Fe  and  Mn  are  present 
as  trivalent  ions  in  NiO,  which  would  be  consistent  with  theoretical 
predictions  at  low  concentrations  (by  capture  of  a  hole) . 

5.  Fe^O ^  (nagnetlte) 

Magnetite  at  low  tenperature  (below  575*C)  has  the  inverse  spinel 
structure.  The  structure  is  formed  by  the  cubic  close  packing  of  oxygen 
ions  as  in  the  rocksalt  structure.  However,  in  the  rocksalt  structure 
the  cations  only  occupy  the  octahedrally  co-ordlnuted  interstices 
between  the  oxygen  ions  whereas,  in  the  spinel  structure,  they  are 
distributed  over  both  octahedral  and  tetrahedral  sites.  In  magnetite 

3+ 

Fe  ions  occupy  tetrahedral  sites  and  tha  octahedral  sites  are  occupied 
3+  2* 

half  by  Fe  and  half  by  Fe  Above  the  Curie  temperature  the  charge 

2* 

distribution  of  the  Fe  ions  becomes  more  random  i.e.  Fe  ions  occupy 
some  of  the  tetrahedral  sites. 


The  properties  of  magnetite  have  been  investigated  extensively  by 
Dleckmann  and  colleagues.  Studies  of  deviation  *rnm  stoichiometry 
(conventionally  written  Fe^^O^)  have  revealed  that  at  high  aQ  Fe 

vacancies  are  dominant  and  at  low  aQ  interstitials  <•-»  dominant  \UU,  . 

z 

The  stoichiometric  point  is  approximately  midway  in  the  stabilif  field 
of  Fe^O^.  At  the  stoichiometric  composition  the  uisorder  is  of  the 
cation  Frenkel  type,  but  is  considerably  more  complicated  beefuse  of  the 
different  cation  sites  and  the  charge  state  disorder.  Dieckmann  fourj 
that  at  the  stoichiometric  composition  the  defect  concentration  dovs  not 
have  simple  Arrhenius  behaviour  but  has  an  activation  energy  0.'  iV  for 
T  below  1300#C  and  2.5  eV  for  T  above  lSOC'C.  Lewis  et  al  [4'  ]  ha'-e 


calculated  the  energies  to  font  defect*  in  Fe^O^  and  conclude  that 
cation  vacanciea  and  interatltiala  are  preferentially  on  the  octahedral 
altaa.  Fro*  their  calculations  they  deduce  that  the  activation  energy 
for  Frenkel  disorder  is  3  aV.  This  is  such  greater  than  the  0.9  eV 
observed  at  low  teaperature  (where  the  beat  agreement  would  be 
expected) .  Furthermore ,  the  calculations  cannot  account  for  the  non 
Arrhenius  behaviour  (which  experiment  shows  has  its  origin  in  the 
interstitial  contribution) . 

The  trecer  self  diffusion  of  iron  in  magnetite  as  a  function  of  a. 

2 

reflects  the  expected  contributions  of  vacancies  and  interstitials  at 

high  and  low  a^  respectively  (46].  Both  Co  and  Cr  tracer  diffusion 
2  * 
coefficients  [47]  show  a  similar  dependence  on  *02  to  DFc  Which 

indicates  that  Co  and  Cr  (and  therefore  probably  Fe)  diffuse  by  an 

interstitialcy  mechanism  at  low  a-  .  This  is  supported  by  measurements 
«  2 

of  isotope  effect  for  as  a  function  of  Sq  [48].  Dleckmann  (24]  has 

also  reported  values  for  the  diffusion  coefficients  of  the  vacancies  and 
interstitials  derived  both  from  chemical  diffusion  and  Dfa  and  x.  Hla 
results  are  reproduced  in  Fig  7  which  clearly  illustrate  that  both  the 
interstitial  and  vacancy  have  non-Arrhenius  behaviour.  At  the  lowest 
temperatures  the  migration  enthalpies  ere  about  0.7  eV  for  the  vacancy 
and  2.0  eV  for  the  interstitial.  The  corresponding  estimates  of  Lewis 
et  al  [45]  are  1.60  eV  for  the  vacancy  and  0.92  for  the  interstitial 
neither  of  which  are  in  good  agreement  with  axperloeit. 

6.  Fe^Oj  (hematite)  and  Cr„0j  (chromite) 

Both  these  oxides  have  the  corundum  structure  in  which  the  oxygen 
ions  ere  arranged  in  almost  hexagonal  close  packing  with  the  tiivalent 
metal  ions  situated  in  two  thirds  of  the  octahedral ly  co-ordinated 
interstices.  In  both  oxides  the  nature  of  the  dominant  point  defects  •.  s 
not  yet  clearly  established. 


6.1 


Fe20 
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There  is  general  agreement  that  Fe203  is  oxygen  deficient  iVe.ti, 


and  that  tha  dominant  da fact*  mist  ba  aithar  oxygen  vacancla*  or  Iron 
intaratltlala.  Thar a  ia  also  ganaral  agreement  that  at  high 
temperatures  Fe^Oj  is  an  Intrinsic  alactronlc  semiconductor  with  a 
tharaal  band  gap  of  about  2#V.  This  la  baaad  on  tha  obsarvatlon  that 
tha  electrical  conductivity  la  lndapandaat  of  aQ  [49)  and  thara  la 

strong  optical  absorption  at  2.1  aV  [SO). 

Recent  aaaaoraaanta  of  D*a  parallel  to  tha  c  direction  at  aQ  ■  1 

are  auaaarlaad  in  Fig  8.  The  results  are  in  reasonably  good  agraaaant 
at  high  taaparaturaa  and  tha  activation  energy  la  6.0  *V.  Nevertheless , 
tha  difference  between  tha  two  seta  of  raaulta  from  Hoahino  and  Patarson 
(52,  53)  are  significant  since  they  were  performed  on  crystals  from 
diffarant  sources.  Chang  and  Wagner  ( *»9 )  and  Hoahino  and  Patarson  [52, 
S3)  oeasurad  Dpa  as  a  function  of  aQ  .  A11  sgraa  that  tha  exponent  nQ 

is  nagativa  indicating  that  iron  intaratltlala  are  responsible  for 
diffusion.  However,  the  value  of  n^  la  not  wall  established.  Chang  and 
Wagnar  found  n^  “  -  0. 7  and  Hoshlno  and  Patarson  [53)  measured  tha  Sana 
value  for  crystals  from  the  same  source,  but  tha  actual  magnitudes  of 

D_  were  about  tan  tliaaa  greater.  Crystal*  from  a  different  source  [52) 

* 

|iva  lov«r  v*lu«s  of  and  n_  ■  -  0.4.  Tha  ilapUtt  aod«l  Involving 
3+ 

Fe  interstitial  ions  predicts  ■  -  0.75,  in  good  agreement  with  tha 

first  set  of  experiments-  In  the  same  crystals  Hoshlno  and  Patarson 

*  a  *  a 

found  DCq  >  DF<  >  DCf  >  Dy,  but  all  had  similar  values  of  n^.  As  In 
Fe^O^,  this  indicates  that  they  all  diffuse  by  an  intarstltlalcy 
mechanism  rather  than  direct  interstitial  Juapa  and  this  Is  again 
supported  by  the  isotope  effect  measurements  [52). 

* 

The  break  in  the  Arrhenius  clot  of  Dpa  at  about  900  f  observe  1  In- 
Atkinson  and  Taylor  [51]  (Fig  8)  is  also  seen  in  measurement s  ol 
electrical  conductivity.  The  most  likely  explanation  of  this  hehaviom 
is  thst  below  900*C  thsss  crystals  are  axtrinsir  p-tvpe  semlrorvl-:  •  >r> 
with  divalent  cation  impurities  as  acceptors. 


In  conclusion,  although  thsrs  ars  son  inconsistencies  In  tha 
uptrlanttl  data,  tha  Boat  likely  dafact  picture  is  that  at  high 
temperature*  and  oxygen  prsssuraa  FSjOj  an  intrinsic  semiconductor 
with  oxygen  vacanciaa  aa  Majority  ionic  dafaeta  and  iron  intarstltlala 
as  alaorlty  ionic  dafaeta.  Iron  diffuses  by  an  intarstltialcy 
aachanisa.  At  low  taaparaturaa  behaviour  is  doaicated  by  divalent 
cation  iapuritles  coapansatad  by  alactron  holaa. 


6.2  Cr20j 


In  contraat  with  Fe203,  Cr203  appears  to  be  cation  deficient  at 
a^  *  1  (i.a.  Cr2_x03)  with  chromium  vacancies  being  the  dominant  ionic 

defects.  Tha  strongest  avldenca  for  this  cosms  from  measurements  of  x 
in  Cr^O^  (aa  coaraa  powder)  as  a  function  of  aQ  at  1100®C  by  Greskovich 

-4  * 

[54],  He  found  that  x  (typically  about  10  at  this  tenperature) 

3 ' 

increases  with  increasing  aQ  with  an  exponent  n^  *  0.12.  If  V^, 

coapansatad  by  alactron  holes,  is  responsible  for  deviation  from 
stolchioaetry  than  n  would  be  axpactad  to  be  0.188  as  also  would  nff  and 
njj  (for  DCf) .  (It  y,  '  is  tha  doainant  defect  then  nx  *  na  3  0.167  and 
np  -  0.50). 


Studies  of  electronic  conductivity  on  sintered  material  however,  do 
not  support  this  simple  view.  Hatsui  and  Nalto  (55)  report  that  (at 
high  aQ  )  decreases  with  increasing  temperature;  being  0.08  at  1000°C 

aud  0.05  at  1100*C.  Similar  experiments  by  Nagai  et  al  (56]  confirmed 
this  effect,  with  n  decreasing  from  0.13  at  600°C  to  0.04  at  120CSC. 
These  observations  suggest  at  first  sight  that  Cr^O^  11  tnnilln8  towards 
being  an  Intrinsic  semiconductor  at  the  higher  temperature . 

Furthermore,  Hatsui  and  Nalto  also  observed  a  change  of  sign  in  at 
low  Sq  which  indicates  that  n-typa  behaviour  is  dominant  under  these 

conditions.  This  could  be  explained  by  a  variety  of  different 

mechanisms  e.g.  higher  mobility  of  electrons  than  holes  (as  in  HnOl ,  a 

3 '  3 . 

change  in  point  defects  from  say  to  Cr^  ,  or  a  change  in  valency  of 

an  impurity. 


The  chug*  from  p-typa  conduction  at  high  aQ  to  n-typc  at  low  aQ 

was  confirmed  by  thermoelectric  powar  measurements  on  sintered  Cr^Oj  by 
Young  at  al  (57,  56].  Thay  alao  revealed  an  inportant  experimental 
difficulty  which  nay  account  for  soma  of  tha  apparently  Irreconcilable 
obsarvat Iona  which  have  bean  aada  on  thia  eater 1 a 1 .  They  found  that 
converaion  between  n  and  p-type  Material  waa  not  equally  facile  in  both 
directiona.  In  particular,  the  p  to  n  tranaition  is  severely  hindered 
kinetlcally  at  temperatures  below  1500*C  (Fig  9).  They  also  argue  that 
the  Magnitude  of  tha  thernoelectric  power  and  the  activation  energy  of  a 
at  high  teuperatura  in  the  p-type  region  (1.8  eV)  can  only  be  explained 
if  the  theroal  band  gap  in  Cr203  is  larger  than  3.6  eV. 

There  have  also  been  several  studies  of  electrical  conductivity  in 
doped  sintered  Cr20.j.  For  exaople  Huang  et  al  [ 59 ]  studied  Li-doped 
Cr203  at  tenperaturea  between  615  and  1100°C.  They  found  that  a  was 
independent  of  a0  (nff  *  0)  at  high  aQ  and  nff  =  0.25  at  low  aQ  .  This 

is  consistent  with  p  type  behaviour  in  the  doped  material  and  a  p  to  n 
transition  in  undoped  CrjOj.  (At  low  aQ  ,  nff  in  Ti  doped  Cr203  is 

3-  ?• 

expected  to  be  0.25  if  either  or  Vq  is  dominant  in  pure  Cr203. 

Therefore  these  experiments  cannot  be  used  to  differentiate  between  the 
two  possible  defects) . 

★ 

Studies  of  DCf  in  CrjOj  are  not  easily  Interpreted  bearing  in  mind 
this  rather  confused  picture  of  electrical  properties.  The  most  recent 
data  are  shown  in  Fig  10.  These  diffusion  coefficients  are  very  much 
lower  than  those  reported  earlier  (see  ref  3).  They  are  believed  to  be 
uore  reliable  than  earlier  measurements  because  of  improved  technique j 

O  * 

and  Materials  and  because  at  1100  C  they  are  in  good  agreement  w:th  D 
estimated  froa  x  and  chemical  diffusion  [54} .  At  high  aQ  at  - h 

■»  2 

1570*C  and  1100®C  the  dependence  of  D^r  on  a^  is  close  to  that  .xpacted 
, 1  2 

for  diffusion  by  .  Fcr  low  a^  at  1100®C  and  1300°C  there  :s  an 

indication  of  diffusion  by  chroaiua  interstitials,  but  the  evidence  is 
not  strong.  In  fact  the  rather  strange  behaviour  at  high  a  , •  1  300  °C 


Ifi 


In  Fig  10  atrongly  suggests  that  equilibration  between  tha  gaa  and  tha 
aolid  ia  unreliable. 


At  tha  present  tiae  it  saeas  that  Cr^O^  is  not  an  intrinsic 
semiconductor  as  originally  supposed,  but  has  a  band  gap  of  at  least 
3.6  aV.  It  is  p-type  at  high  a^  due  to  tha  formation  of  chromium 

vacancies  (and  holes)  and  n-type  at  low  a^  due  to  chromium 

interstitials  (and  electrons).  There  are  severe  experimental  problems 
in  this  system  the  most  serious  of  which  is  the  unreliable  equilibration 
with  the  gas  phase.  The  activation  energy  for  Cr  diffusion  in  the 
p-type  region  at  constant  Sq  is  about  6.0  eV  [61]. 


7 .  Cu„0  (cuprite) 

Cuprous  oxide  is  a  copper  deficient  p-type  semiconductor  (Cu2_x0) 

with  defect  properties  very  similar  to  those  of  the  rocksalt  oxides, 

although  it  has  a  very  different  crystal  structure.  Experimental  data 

are  available  for  x,  <r,  D-  and  D  _ .  Simple  defect  models  predict  n 

V/U  oxy  x 

and  n^  (for  Cu)  should  be  0.123  for  singly  charged  copper  vacancies  and 

0.25  for  neutral  vacancies  (and  n  «  0.125).  In  common  with  the  other 

cr 

oxides  the  experimental  values  fall  between  the  two  extremes  with  n 

*  . 

depending  on  both  a^  and  T.  Data  for  DCu  and  1000  C  are  shown  in 

Fig  11  [62]  and  indicate  that  V  '  is  the  dominant  defect  with  a 
contribution  from  mt  high  .  Peterson  end  Wiley  [62)  heve  fitted 

all  the  data  to  a  defect  model  involving  the  two  copper  vacancies  and 

singly  charged  oxygen  interstitials.  The  oxygen  interstitials  are 

Invoked  to  account  for  the  observation  that  n_  >  0.125  at  high  a„  and 

a  o 

*  i 

are  consistent  with  the  effect  of  s_  on  D  _  observed  by  Peri  net  et  al 

Oj  ox7 

[63]  and  also  shown  in  Fig  11.  The  point  defect  parameters  from 
Peterson  and  Wiley's  fit  to  the  experimental  data  are  summarised  in 
Table  4.  Equal  enthalpies  of  motion  for  the  two  charge  states  of  the 
vacancy  are  expected  (as  discussed  earlier  for  the  other  oxides)  but 
equal  enthalpies  of  formation  are  not,  since  this  means  the  binding 
energy  between  the  vacancy  and  the  hole  is  negligible.  According  to 
Table  4  the  binding  between  the  vacancy  and  the  hole  is  entirely  due  to 


entropy  changes.  Thus  although  thaaa  parameters  daacriba  tha 
experimental  data,  thair  validity  la  questionable.  Ochin  at  al  [64] 
hava  suggested  that  tha  formation  of  dlvacaaclaa  (V^  Vc*) '  at  high  »Q 

and  copper  interstitials  at  low  a.  can  account  for  thair  alactrical 

^  a 

conductivity  data.  Hovavar,  tha  maasuramanta  of  a  how  no  indication 

of  a  substantial  contribution  from  coppar  intarstitlals  and  thara  is  no 
othar  avidanca  to  support  the  axistance  of  dlvacanclas. 

8 .  Diffusion  along  grain  boundarlas  and  dislocations 

Tha  subjact  of  fast  diffusion  along  grain  boundaries  and 
dislocations  has  baen  raviawad  in  racant  articles  by  Atkinson  (65,  66] 
and  Atkinson  and  La  Clairs  [67].  Tha  nost  comprehensive  data  are  for 
N10  and  these  are  summarised  in  Fig  12  compared  with  diffusion  in  the 
bulk  lattice.  The  diffusion  of  both  Si  and  0  are  greatly  enhanced  in 
grain  boundaries  and  dislocations  coisparad  with  corresponding  lattice 
diffusion.  The  width  of  tha  region  of  enhanced  diffusivity  has  been 
shown  [68,  69]  to  be  only  about  10  A  and  both  dislocation  and  grain 

boundary  diffusion  of  Ni  in  NiO  depend  on  aQ  in  a  similar  way  to 

2 

lattice  diffusion.  Thia  suggasts  that  grain  boundary  and  dislocation 
diffusion  take  place  by  a  similar  mechanism  to  lattice  diffusion;  in 
this  case  by  nickel  vacancies  which  segregate  to  the  extended  defects 
from  the  lattice.  This  similarity  is  reinforced  oy  studies  of  impurity 
diffusion  in  NiO  grain  boundaries  [71]  for  which  similar  trends  to 
lattice  diffusion  have  been  found.  Atomistic  simulations  of  the 
structure  and  diffusive  properties  of  dislocations  [72]  and  grain 
boundaries  [22]  support  this  view.  Duffy  and  Tasker  [22]  have  made  a 
detailed  theoretical  study  of  grain  boundaries  and  their  properties  in 

NiO  [22].  Their  calculations  for  a  range  of  boundary  misoricntations 

★ 

predict  that  the  activation  energy  for  in  the  boundary  should  be 
between  0.5  and  0.8  of  that  in  the  lattice.  The  experimental  value  of 
this  ratio  in  polycrystalline  material  (and  therefore  covering  a  range 
of  boundary  types)  is  0.70.  Tha  corresponding  ratio  for  oxygen 
diffusion  (assuming  an  interstitialcy  mechanism)  Is  0  45  from  both 
calculations  and  experiment.  The  agreement  between  thnoiv  mi 
experiment  on  this  basis  is  therefore  very  encouraging  (although  the 
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absolute  valuaa  of  activation  energies  and  dafact  paraaatara  ara  not  in 
auch  good  accord;  aaa  aaction  4.1). 


9.  Conclndine  tWgrtl 

Parhapa  tba  Boat  striking  general  faatura  to  eaerge  fraa 
considering  tbia  group  of  oxides  ia  that  aiapla  dafact  aodala  (l.a.  with 
a  single  pair  of  charge-coapensating  dafacta  for  aach  oxida)  ara  not 
appropriata  othar  than  aa  a  firat  ordar  approximation.  Tha  approach 
that  Boat  workers  hava  takan  to  aolva  thia  problem  haa  baan  to  allow 
more  dafact  typaa  in  tha  nodal;  particularly  thoaa  In  which  tha  prime 
dafact  trapa  an  electronic  carrier.  It  appaart  that  thia  la  not 
nacaaaarily  a  fruitful  route  to  follow  too  far  for  two  reaaona.  Tha 
firat  ia  that  tha  deviation  froa  tha  aiapla  nodela,  although 
significant ,  ara  often  quite  aaall  and  ara  apparent  nainly  at  extremes 
of  tha  axperiaental  conditions  (a.g.  high  T  and  low  aQ  ).  Tha  fitting 

of  aore  coaplicatad  aodala  to  tha  axperiaental  data  is  therefore 
unreliable  and,  as  we  hava  seen,  often  leads  to  • araaatara  describing 
the  dafacta  which  appear  physically  unreasonable.  The  second  problem  in 
this  approach  ia  that  tha  dafact  aodala  still  rely  on  tha  usa  of 
concentrations  rather  than  theraodynaalc  activities  in  tha  mass-action 
aquations.  In  thia  approximation  strong  short-range  interactions 
between  dafacta  (such  as  tha  trapping  of  a  hole  at  a  vacancy)  can  bo 
included  by  introducing  an  asaociated  dafact,  but  longer  range  screening 
interactions  ara  ignored.  At  low  defect  concentrations  these  long  range 
interactions  can  bo  described  by  tha  Debye-HUckel  theory  and  although 
tha  affects  ara  aaall  they  ara  nevertheless  significant.  For  example 
Wagner  (73)  aatlsiataa  that  whan  x  ■  10  3  in  Cu2_x0  at  1000'C  the 
activity  coefficient  of  aach  defect  (Vgu  or  h)  is  reduced  from  unity 
(ideal  non-lntaractlng  solution)  to  about  0.5.  However,  the 
introduction  of  screening  interactions  in  tha  Debye-HUckel  approximation 
cannot  of  itaalf  account  for  all  tha  observed  deviations  frost  simple 
defect  adals  in  these  oxidas  as  is  evident,  for  exastple,  from  such  an 

attempt  appli  d  to  MnO  (27).  In  oxides  with  relatively  large  dele.-; 
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concentrations  (>  10  )  the  Debye-HUckel  approximation  (i  »  r»t.ir  l- 

tha  defects  as  being  distributed  in  a  dielectric  continuum’  ■ s  i 
Justifiable.  For  auch  casas  thaoratlcal  treatments  have  been 


davelooad  [74],  but  ar«  not  convenient  f or  analysing  axperimental  date. 
Nevarthalass ,  until  soma  attampt  la  Bade  to  Include  devlatlona  from 
ideality,  the  sore  complicated  defect  aodela,  and  some  of  their  derived 
paraaetere,  ahould  not  be  taken  too  aerlouely. 

Another  general  feeture  which  aoargas  la  the  rather  poor  level  of 
agreement  between  point  defect  paramatars  derived  from  exper leant  and 
thoae  froa  calculations.  Keen  bearing  In  Bind  the  problaea  already 
referred  to  aasociated  with  eaaualng  ideal  theraodynaaic  activities  for 
the  defects,  the  level  of  agreement  between  experlaent  and  theory  la 
nowhere  near  as  good  as  found  in  the  alkali  halides.  This  la 
particularly  evident  In  for  vacancy  -  cation  Jumps  and  binding 
energies  in  tho  rocksalt  oxides  (Fig  4  and  Table  3).  It  would  appear 
that  there  are  still  significant  processes  specific  to  the  transition 
oetal  oxides  which  the  calculations  are  not  yet  taking  into  account . 

(The  aoat  recynt  calculations  of  Harding  and  Tarantc  reported  in  this 
voluae  have  already  resolved  soae  of  the  discrepancies . )  Nevertheless, 
the  calculations  are  invaluable  even  at  a  seal-  quantitative  level  since 
they  point  to  trends,  or  rule  out  defect  processes  with  highly 
unfavourable  energy  barriers. 

On  the  experimental  side,  the  quality  of  data  and  level  of 
understanding  for  diffusion  and  defects  on  the  cation  sublattice  is  far 
superior  to  that  of  the  anion  sublattice.  This  Is  because  the  anion 
defects  can  only  be  studied  by  diffusion  and  these  experiments  are  very 
difficult.  Nevertheless,  interest  is  building  in  this  area  and  the 
situation  is  likely  to  iaprove  considerably.  Even  the  cation  defects 
are  not  established  and  understood  in  the  important  oxides  Fe,!)^  and 
Cr^Oj.  The  question  of  larger  defect  clusters  in  oxides  other  (han  Fed 
is  still  open.  The  indirect  evidence  for  their  existence  is  appreciable 
only  in  MnO  and  direct  observations  are  necessary  to  settle  this 
question. 

Finally,  in  the  case  of  impurity  diffusion  It  Is  interest  in*  to 
note  that  the  order  of  their  di f fusivi ties  is  almost  independent  i  •  :  •• 
mstrix  through  which  they  are  diffusing  Foi  example.  i  u  i\ 

fast  diffuser  and  Cr  always  a  slow  diffuser 
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c-oxis  projection 

Tetragonal  primitive  a  =  4-59  A  ,  c=  2-96  A 


AEREH12405  Fig.  1 

The  crystal  itructure  of  no2  (rutile)  viewed  parallal  to  the  c  axis  One  of  the  channels 
containing  potential  interstitial  sites  is  indicated 
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Tracer  diffusion  in  Ti 02  of  1100°C 
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AERE  R  12405  Fig.  2 

Tracer  diftuston  ot  Co,  Fe,  Ti  and  Sc  parallel  to  thee  direction  in  TiO?as  a  lunctionoi  a  ,r  i  '0( 
(1000“C  tor  Fe)  The  indicated  ?  lopes  ol  n  =  -025andn^-  -0  20  cor-espond  to  T  t. 
detecis  respectively  (rets  6.  1 2  and  13| 


Schematic  representation  of  impurity 
diffusion  in  Ti 02 


(b)  interstitial 


(c)  Interstitialcy 


AERE  R  12405  F-g  5 

Schematic  diagram  indicating  how  fast  diffusion  of  certain  impurities  along  the  c  direct'  v  •  Tn 
probably  occurs  by  a  mixture  of  interstitialcy  and  direct  interstitial  lumps 
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Activation  energy  for  cation  vacancy  motion 
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Comparison  between  the  measured  and  calculated  enthalpies  of  motion  for  cation  .  .can:,  se  i 

diffusion  in  the  rocksalt  oxides 
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Self  diffusion  in  Cu20 


AERE  R  12408  Fig.  11 

Traoar  dMuaton  of  Cu  and  oaygan  In  C«ifO  aa  a  tondton  of  rnygan  acttvNy  Tha  motcaiad  aiopM  ara 
tor  a  abnpla  modal  In  *4ticn  Cu  dMuaaa  by  atngly  cfiargad  vacanclaa  and  oxygan  by  atngty  ciwgad 

Iniara— ala  (rato.  82  and  <3). 
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Traoar  dfbatonotM  and  O  In  thalaOca,  along  dMocaNona  and  along  gram  boundaries  m  NO 
to,  - 1  lor  HI  and  0.2  tor  O  (tala.  98. 99  and  70) 


